A gronomy J our n al • Volume 10 8 , I ssue 2 • 2 016 701 R ice (Oryza sativa L.) is unique from other major row crops in the United States in that it requires postharvest milling before pricing. As a result, profi tability is based on both mass yield and kernel integrity. Broken rice (also called "brokens"), which is typically either ground into fl our or used in pet food, is currently valued at 68.5% of unbroken kernels, or head rice yield (HRY) (USDA-FAS, 2014) . Studies have shown that although kernels of some rice cultivars are genetically more susceptible to breakage during milling, the rice moisture content (MC) at the time of harvest (HMC) and exposure to high nighttime air temperatures during critical stages of production can directly aff ect the ratio of unbroken rice (i.e., HRY) to broken rice on milling.
R ice (Oryza sativa L.) is unique from other major row crops in the United States in that it requires postharvest milling before pricing. As a result, profi tability is based on both mass yield and kernel integrity. Broken rice (also called "brokens"), which is typically either ground into fl our or used in pet food, is currently valued at 68.5% of unbroken kernels, or head rice yield (HRY) (USDA-FAS, 2014) . Studies have shown that although kernels of some rice cultivars are genetically more susceptible to breakage during milling, the rice moisture content (MC) at the time of harvest (HMC) and exposure to high nighttime air temperatures during critical stages of production can directly aff ect the ratio of unbroken rice (i.e., HRY) to broken rice on milling.
Other studies indicate that fi ssures in the kernel will develop when rice at low MC (£15%) is exposed to conditions that cause the dry rice kernels to rapidly absorb moisture (Kunze and Prasad, 1978; Siebenmorgen and Jindal, 1986) . Subsequently, fi ssures form within the rice kernel when internal stressors exceed the material tensile strength of the kernel. Th ese fi ssures are fault lines where the kernel breaks during milling, which in eff ect reduces the number of intact kernels and increases the associated number of brokens. Similarly, harvesting rice at a high MC (>22% for long-grain cultivars) also creates a large proportion of broken kernels as a result of milling a greater number of immature kernels (Siebenmorgen and Qin, 2005; Siebenmorgen et al., 2006; Bautista et al., 2007) . Th ese immature kernels are typically thinner, weaker, and more susceptible to breakage during milling than fully mature kernels; thus, there is a convex relationship between HRY and HMC. Furthermore, Siebenmorgen et al. (2007) found that each rice cultivar and type (long grain, medium grain, and short grain) has a diff erent optimal HRY and MC that maximizes the HRY. Siebenmorgen et al. (1992) showed that signifi cant losses in HRY arise when long-grain rice in Arkansas is harvested at MCs <15% or >22%. However, maximizing HRY is not necessarily a profi t-boosting strategy because drying costs are a necessary component of profi tability, with the charges depending on the
Crop Economics, Production & Management

Optimal Harvest Moisture Content for Maximizing Mid-South Rice Milling Yields and Returns
MC of the delivered rice. Rice with a higher HMC may yield a higher HRY but could incur greater drying costs than rice with a lower HMC, whereas rice with a lower HMC saves on drying costs but could yield less HRY with a greater HMC. This tradeoff between high and low HMC poses a problem to rice producers because they can optimize net value (NV) or HRY by choosing an HMC. However, depending on several factors, these HMCs may not be equivalent, which leads into the main question addressed by this research: Is the HMC that maximizes HRY the same HMC that maximizes producer profit? Another aspect of HMC and producer profitability is the fact that, unless drying is performed on-farm, producers deliver their rice to a commercial dryer and then incur a drying cost based on the HMC. Table 1 shows the 2014 drying cost schedule charged by Riceland Foods, which is the largest rice miller in the United States. The stair-step nature of the schedule signifies that producers pay the same drying fee per mass regardless of HMC within a given range, thus making the selection of HMC complex for producers. Head rice yields are adversely affected by harvesting rice at MCs that are either too high or too low (Siebenmorgen et al., 1992; Jodari and Linscombe, 1996) . Previous research (Siebenmorgen and Jindal, 1986; Juliano and Perez, 1993) highlights the existence of an optimal HMC at which milling yield peaks in a convex fashion with regard to HRY. Siebenmorgen et al. (2007) found that the optimal HMCs for maximizing HRY varied from 18.7 to 23.5% across rice cultivars and types. Although it seems like producers would want to harvest their rice at an MC that achieves optimal HRY, the drying costs associated with different HMCs must be taken into account.
Another factor that affects HRY is high-temperature stress during the grain-filling stage. High-temperature stress during the grain filling stage can decrease the quantity of paddy rice available for milling and, more importantly for this study, affect the HRY. More specifically, high temperatures have been shown to decrease the quantity of kernel head rice and to increase the quantity of broken kernels (Counce et al., 2005; Cooper et al., 2008; Lyman et al., 2013) . Counce et al. (2005) and Cooper et al. (2008) found that high nighttime temperatures during the grain-filling stage lead to disruptions in the enzymatic activities that are responsible for kernel filling, which in effect could produce chalkiness and thereby lessen average kernel strengths as well as lower HRY. Chalk is defined by regions of the kernel that are white rather than translucent and can occur throughout the kernel in response to environmental stress during grain-filling (Tashiro and Ebata, 1974 , 1975a , 1975b , 1976 Tashiro and Wardlaw, 1991; Lisle et al., 2000) . Chalk weakens kernels, causing them to break during milling (Swamy and Bhattacharya, 1982) . Fitzgerald and Resurreccion (2009) induced chalk formation, a major cause of processing and financial loss, by exposing rice plants to a daily minimum nighttime air temperature of 26°C during the grain-filling stage. These researchers found that the yield of edible rice, or nonbrokens, fell to zero for some chalk-prone cultivars.
Similarly, Siebenmorgen et al. (2007) found that the effects of high nighttime temperatures during the grain-filling stage could be responsible for variations in HRY for a given HMC by estimating HRY as a function of HMC. Variations in HRY for a given HMC could be due to the effects of high nighttime temperatures during the grain-filling stage. Recent research has focused on estimating yields to demonstrate the potential for biased regression parameter estimates when using field trial data across different climate exposures (Tack et al., 2015) due to an unbalanced data set: not all cultivars are grown at the same location in the same years. This in turn implies that some cultivars are exposed to weather events that other cultivars are not and as such must be accounted for or else biased estimates could be elicited. Moreover, Tack et al. (2015) demonstrate that including observed weather outcomes into the regression model eliminates the bias that would occur if weather measures were left out or correlated with measures that were included. Thus, the omission of the effects of temperature on HRY during the growing season results in omitted variable bias and could either overstate or understate the effects of HMC on HRY.
Our study quantifies the optimal HMC to maximize producer profits per megagram of rice while accounting for genetic differences across cultivars, the HMC, and exposure to nighttime and heat stress during the growing season. We also quantify the economic costs of deviating from the optimal HMCs. These results will provide insight for producers regarding three factors that concern harvest: rough rice yield (quantity), HMC that maximizes HRY (milling yield), and the rate at which the milling yield diminishes as HMC moves away from the HMC that maximizes HRY.
MATERIALS AND METHODS
Drying Charges
Rice produced in the United States is dried and stored to a nominal MC of 12.5%; however, producers harvest rice from the field as "green" or "rough" rice, which can exist at a much greater MC than 12.5%. Therefore, these rough rice bushels need to be calibrated to 12.5% MC, a bulk density equivalent to that of a bushel. Any paddy rice delivered above 12.5% HMC is penalized, and any paddy rice delivered below 12.5% HMC is given a premium. To compute drying charges (in $ Mg -1 of paddy rice), the conventional procedure is to assume that paddy rice is dried to a bulk density of 20.42 kg, which is the nominal weight of a bushel of rice at 12.5% MC. Hence, drying charges for paddy rice can be estimated as:
where DC is drying charge in $ Mg -1 , MG is the mass of paddy rice at a given HMC in Mg, and DF is drying fee ($ Mg -1 at a given HMC). According to Siebenmorgen et al. (2008) , the DF is assumed to increase with the MC of the rice bulk. Table 1 shows the 2014 drying fee schedule for delivery to Riceland Foods' ricedrying facilities in Arkansas (Riceland, 2014) . Riceland Foods is responsible for milling and marketing 25% of the entire United States' rice crop and thus is a good indicator of the drying schedule rice producers would face . Table 1 provides the DF used in this study.
Net Value
To obtain the NV of the delivered paddy rice, the mill first dries the rice to 12.5% MC for storage and milling throughout the year. Thus, to calculate the value of the harvested paddy rice, it must first be adjusted to 12.5% MC as expressed in Eq. [2]: MG MD 100 12.5 100 HMC
where MD is the mass of dry rice after adjusting to 12.5% MC (Mg), and HMC is the moisture content of undried paddy rice (%).
After the hull and bran have been removed, the resulting mass is milled rice, which is then separated into brokens and head rice. As an illustrative example, if 100 kg of rice is delivered to a mill at 12.5% MC, the rough/paddy rice would be initially milled to remove the hull, trash, and bran. Because the hull, bran, and trash have mass, the resulting mass of rice would be <100 kg. The rice futures market is traded on an average of 70% milled rice, so the milled rice yield (MRY) would be 70 kg for this example. Of this 70 kg of remaining mass, some kernels would stay intact and some would break during the milling process. The rice futures market is traded assuming that 55% of the initial mass is whole kernels (head rice). Thus, in this example, there would be 55 kg of head rice for a HRY of 55%. The difference between MRY and HRY is the percentage of the initial mass that are broken kernels. Thus, 70 to 55% results in 15% (in this case 15 kg of brokens). The ratio 55/70 (HRY/MRY) is the standard on which the futures contracts are bought and sold in the Mid-South. Consequently, the gross value of head rice and brokens can be calculated, respectively, as:
where GV HR is gross value of head rice ($), GV BR is the gross value of brokens ($), MD is the mass of dry rice after adjusting to 12.5% MC (Mg), P HR is the price of head rice ($ Mg -1 ), P BR is the price of brokens ($ Mg -1 ), HRY is the mass proportion of rough/paddy rice remaining as head rice after milling, and MRY is the mass proportion of rough/paddy rice remaining as milled rice (HRY + brokens).
The gross value of a mass of dried rice (GV RICE ) is the sum of GV HR and GV BR . Although rice bran has a value, the data used in this study did not observe the bran amounts in milling, and thus the values of bran and hulls were assumed to be zero in what follows. The NV of rice was calculated as:
Following Siebenmorgen et al. (2008) , each cultivar yield was standardized at 1 Mg and 12.5% MC. This allows for varietal head-to-head comparisons of NV, which is an important consideration because yields vary substantially across varieties.
Statistical Analysis Estimating Head Rice and Milled Rice yields
Our analysis extends previous research by expanding the number of factors that affect HRY, unlike Siebenmorgen et al. (2008) , who estimated the correlation between HMC to HRY. In addition to HMC, HRY is hypothesized to be a function of weather variables, which have been shown to affect HRY (Lyman et al., 2013; Counce et al., 2005; Cooper et al., 2008) . By omitting factors that are correlated with both HRY and HMC (e.g., weather), the coefficient estimates of HMC are biased due to specification error (Greene, 2012) .
Head rice yield, MRY, and HMC observations were collected from the annual Arkansas Rice Performance Trial (ARPT) and Mississippi State Agriculture and Forestry Experiment's rice cultivar trials from 2003-2013. These trials included 65 cultivars from 23 different experiment stations (Fig. 1) . The cultivars included 18 hybrids (XL), seven of which were Clearfield hybrids (CLXL); 10 Clearfield (CL) cultivars; and 47 conventional (inbred) cultivars. The Clearfield trait is a genetic mutation that makes rice resistant to imidazolinone (2-[4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1Himidazol-2-yl]-5-ethyl-3-pyridinecarboxylic acid) herbicide. The CL trait enhances the ability of producers to control for red rice, which has been named "the most troublesome weed in the southern United States" (Sha et al., 2007) . Only nine cultivars were analyzed individually (Table 2) , accounting for 75.5 and 75.4% of all sown rice acres in 2013 for Arkansas and Mississippi, respectively. The remaining acreage was spread among many cultivars, with none having more than 2% of the total acreage in each state. Nitrogen application rates vary across locations and can be found in the annual 2002-2012 MAFES and ARPT reports. Nitrogen rates are important because they have been shown to influence HRY (Jongkaewwattana et al., 1993) .
Although yield data from test plots are often characterized by higher yields than those on-farm, the relative difference between cultivars is consistent (Brennan, 1984) ; as such, test plot data are valid for this study. Unlike paddy yield, a case can be made that average HRY is often lower on test plots given that universities typically harvest all cultivars simultaneously due to logistics and labor constraints, regardless of individual cultivar maturity. This phenomenon can result in a wide range of HMCs, many of which are not optimal, which in turn affects HRY. This is evident by the fact that the HMC range in this study is between 7 and 27%, which are extremes at which a producer would not harvest. This again is a function of university test plots harvesting all varieties simultaneously, which can lead to varieties that are too dry and some that are too wet. For the Arkansas locations, hulls were removed from 150 g of the harvested paddy rice, and the resulting brown rice was milled for 30 s. Each cultivar was then milled in a laboratory for 30 s to obtain the MRY. For the Mississippi locations, test entries were based on samples from three replications per location. Before milling, each sample was aspirated to remove empty and light grains. Then, 125-g samples of aspirated rough rice were hulled and placed in a sealed plastic bottle for moisture equilibration. Milling was performed on a McGill No. 2 using 7.71 kg equivalent weight on a pressure plate, and all samples were milled for 30 s. For each observation of rough rice yield, the resulting HRY, MRY, and broken (MRY-HRY) percentages were recorded.
Daily ambient air temperature was collected from aWhere (2014) for each specific location of the cultivar trials, resulting in a location-specific match between cultivar yield and weather data. Following Cesaraccio et al. (2001) , daily minimum and maximum temperatures were used to estimate a sinusoidal distribution of exposure to each 1°C interval, as Schlenker and Roberts (2009) suggest. A nighttime temperature of 22°C was used as the stress threshold, in keeping with the established literature on the critical heat-stress temperatures for rice (Lyman et al., 2013; Tack et al., 2014) W1] ) and grain-filling (postheading or Window 2 [W2]). Window 1 is defined as emergence until 50% heading, and W2 is defined as 50% heading to harvest.
All cultivars at a given station for a given year have the same emergence and harvest dates, but days to heading is cultivar specific, so the length of W1 and W2 are cultivar specific by location and year. Although the observed weather outcomes are common within each location-year, the variation in observed days to heading for each cultivar induces variation in the weather outcomes. Daily temperature exposures, measured in half-hour increments, were summed across days within the preheading and postheading phases so that thermal nights (TN) above 22°C are defined as:
where W1TN22 and W2TN22 correspond to W1 and W2 for variety j at station i in year t, t d measures nighttime temperature exposure in 30-min increments for each day d, and 
Head and Milled Rice yield Models
Nine HRY models were estimated for each of the nine cultivars, using regression models of the form:
where HRY i is the mass percentage of rough/paddy rice that remains as head rice after milling for the ith observation for a given cultivar, HMC i is the observed harvest moisture content for observation i,
X is a vector of weather variables, and u i is the error term associated with each trial. The weather variables, p i X , are W1TN22 i and W2TN22 i . In a similar fashion, the corresponding nine MRY models are estimated as:
where MRY j is the mass percentage of rough/paddy rice that remains as milled rice (head rice + brokens). Parameters in Eq.
[8] and [9] were estimated by ordinary least squares, and heteroskedasticity-robust standard errors were used for statistical inference. Wooldridge (2010) notes that robust standard errors are valid in the presence of any kind of heteroscedasticity, including homoscedasticity. Additionally, broken rice is calculated as:
where Broken i is the mass proportion of rough/paddy rice that is broken in the milling process from cultivar i. The July 2014 milled rice price (P HR ) of $414.47 Mg -1 and broken rice price (P BR ) of $283.91 Mg -1 were used in the estimation of the NV (USDA-FAS, 2014). Tables 3 and 4 provide the regression results for the HRY and MRY models. On average, CL152 had the highest estimated milling yield (62/70), and Taggart had the lowest (53/69) ( Table  4 ). All cultivars, with the exception of Taggart, had HRY that was over the industry standard of 55%, with the mean of all cultivars being estimated at 56/70. CL152's high HRY and Taggart's low HRY are expected, given their varietal description: "The cultivar (CL152) has excellent milling quality and has a low level of chalk under normal growing conditions" and "it (Taggart) has fair milling quality" (LSU AgCenter, 2012). For HRY maximization, optimal HMC ranged from a low of 17 (CL XL745) to a high of 22% (CL XL729). This is close to the range found by Siebenmorgen et al. (2007) , where the optimal HMCs varied from 19 to 24% for the long-grain cultivars. On average, the conventional lines were found to have higher HRY and lower MRY, which is consistent with previous research . Using Pearson's correlation coefficients, it was discovered that HMC, HMC2, and W2TN22 were significantly statistically different from zero (P < 0.01). This finding indicates that the climate variables (W2TN22) are relevant and are correlated with the other two (HMC and HMC2) regressors. Thus, it was evident that estimating without the climate variables would lead to biased coefficients for HMC and HMC2. We also found that exposures to nighttime temperatures above 22°C have negative effects on HRY in both the vegetative and grain-filling stages. A similar finding has emerged for MRY (Tables 3 and 4) . On average, across varieties, an additional, half hour of exposure in the vegetative (W1) and grain-filling (W2) stages reduces HRY by 0.0141 and 0.0184%, respectively. Average effects for MRY are 0.0136 and 0.0079%, respectively, for the vegetative and grain-filling stages. Figure 2 illustrates the relationship of HRY/NV and HMC for the most popular conventional (Roy J) and hybrid (CL XL745) cultivars in Arkansas in 2013 while holding temperature variables at their means. Several findings emerge from these figures. First, the HRY function for Roy J is considerably more steeply sloped than CL XL745, demonstrating that Roy J is more sensitive to changes in HMC. This trend holds true for all conventional cultivars versus hybrids (Appendix Fig. A1) . Second, the NV function is not a smooth function because it is related to the "stair-step" drying costs presented in Table 1 . Figure 2 is representative of most hybrid versus conventional comparisons (Appendix Fig. A1 ), where HRY (%) and NV ($ Mg -1 ) maximums are higher for conventionals. Furthermore, deviations away from the maximum come at a higher price to producers; this is highlighted in Fig. 3 . Although hybrids on average are shown to yield more per hectare (Appendix Table A1 ), Fig. 2 and  3 illustrate the comparison on a per-megagram basis for a perunit assessment. This comparisons leads to interesting decisions for producers regarding production: Do they plant those cultivars that have the highest NV Mg -1 for a narrow band of HMC, or do they plant cultivars with lower NV Mg -1 that are more consistent across different HMC during harvest?
RESULTS AND DISCUSSION
Optimal Harvest Moisture Content
Economic Implications from Deviations from the Optimal Harvest Moisture Content
Although the optimal HMC can be found for each cultivar for the purpose of maximizing HRY and NV, producers seldom have the ability to harvest all of their acreage at the optimal HMC. The average acreage of rice for a rice farmer in Arkansas is 183 ha (Fahr, 2015) ; it is nearly impossible to harvest all 183 ha at the same HMC. Thus, producers are interested in the optimal HMC for a cultivar as well as the NV effects for deviations from the optimal HMC. Consequently, producers will likely start harvesting a field above the optimal HMC because by the time they finish harvesting, actual HMC will be below the optimal HMC. Ceteris paribus, a producer would prefer cultivars with high NV potential that does not rapidly decline as actual HMC moves away from the optimal HMC. Figures 2 and 3 and Table 5 illustrate this important point. Table 5 indicates the average loss, in $ Mg -1 , from (±) % deviations away from the HMC, which maximizes NV. The two Clearfield hybrid cultivars perform the best when deviating from the optimal HMC. CL XL745 and CL XL729 average 2.37 and 2.85 $ Mg -1 reduction, respectively (±5% deviation). For example, if a producer started harvesting CL XL745 at 5% too wet and finished at 5% too dry, on average he would lose $2.85 Mg -1 in relation to the optimal HMC of 16% accompanied by equal harvesting for all HMC in between. Similarly, the most sensitive cultivars in terms of deviation from the optimal are Roy J and CL152, with reductions of 7.74 and 9.00 $ Mg -1 , respectively, for a ±5% deviation. Figure 3 shows the NV response of Roy J and CL XL745 from various percentage deviations from the optimal HMC. Figure  3 shows a distinctly stronger "valley effect" for Roy J, in that the movement away from the optimal HMC (20%) results in increasing penalties at a much steeper rate than CL XL745. Table 6 builds on Table 5 by incorporating average paddy yield on a per-hectare basis for each cultivar. Unlike Fig. 2 and 3 , which do comparisons on a per-megagram basis, Table 6 analyzes both the paddy yield and milling yield to obtain NV ha -1 . The hybrids XL753, CL XL729, and CL XL745 have the highest paddy yields Table 5 . Optimal harvest moisture content to maximize head rice yield and net value and average loss from deviations from optimal harvest moisture content that maximize net value. at 13.24, 11.44, and 10.87 Mg ha -1 , respectively. The three top milling yield values, calculated at their optimal HMC, are CL152, CL111, and XL753 at 267, 264, and 262 $ Mg -1 , respectively. The three highest NVs are for the three hybrids XL753, CL XL729, and CL XL745 at 3465, 2943, and 2782 $ ha -1 , respectively. However, these $ ha -1 values assume that a producer can harvest the entire field at the optimal HMC, which is not realistic given field size, labor constraints, and weather events. Because of these harvesting limitations, Table 6 has been included to show the average NV when a producer deviates from the optimal HMC.
All three of the hybrid cultivars have a higher NV than all other cultivars harvested at their optimal HMC even when they are harvested ±5% away from their optimal HMC. Two determinants are responsible for this occurrence, the first of which is the advantage hybrids have of a large paddy yield, which more than compensates for a lower average milling yield. Second, the curves ( Fig. 2; Appendix Fig. A2 ) relating HRY to HMC are much flatter for hybrids than for conventional cultivars. That is, although hybrid HRY may not peak as high as conventional varieties, the penalty for moving away from the optimal HMC is minimized for hybrids. One factor not accounted for in this study is the cost of production difference between hybrids and conventionals. Hybrid seed is more expensive than conventional seed and thus leads to different total costs. Furthermore, one of the largest costs associated with rice production is nitrogen fertilizer costs, which have variety-specific recommendations that were not accounted for in this study (Roberts and Hardke, 2015) .
Because rice price and drying costs vary over time, Table 7 illustrates how changes (decreases and increases by 50%) of each affect the optimal HMC to maximize NV. The lower drying costs result in higher optimal HMC for five of the nine varieties. Interestingly, increasing drying costs do not affect the optimal HMC for any variety. Rice price also affects optimal HMC, with a 50% reduction in baseline rice price resulting in lower optimal HMC for two out of nine varieties. Higher (50%) rice price also increases the optimal HMC in five of the nine varieties. These results indicate that optimal HMC is determined by many factors: variety, drying costs, and rice price. Note also that the HMC response to variations in drying costs and rice prices are not proportional (linear): increases in prices elicit greater percentage deviations than corresponding decreases in prices in these values.
CONCULSIONS
Rice is unique among row crops because producers' gross revenues are a function of both paddy (field) yield and postharvest processing (milling) yield. A common dilemma that rice producers confront is the selection of the optimal level of HMC so that they can begin harvesting. Harvesting with a high HMC can improve HRY but can also increase drying costs at the mill. Conversely, harvesting with a low HMC can save in drying costs but can also decrease HRY due to fissuring. Moreover, the literature is rich (Kunze and Prasad, 1978; Siebenmorgen and Jindal, 1986; Siebenmorgen et al., 2007) on the effects of HMC on HRY, but our research on the impact of high nighttime temperatures shows that neglecting heat stress can lead to omitted variable bias when estimating HRY (Asaoka et al., 1984; Counce Cooper et al., 2008; Fitzgerald and Resurreccion, 2009 ). Thus, this study combines two determinants of HRY-HMC and high nighttime temperatures-to estimate how HMC is related to these variables. Our analysis implies that the HMC that maximizes milling yield is not necessarily the HMC that maximizes economic returns. For the nine most commonly produced cultivars in Arkansas and Mississippi in 2013, the optimal HMC for maximizing milling yield (HRY) ranges from 17 to 22%, and the optimal HMC for maximizing NV ranges from 16 to 20%. Producers may be particularly interested in the response function of deviating from the optimal HMC that maximizes NV Mg -1 , and more importantly per hectare. On average, conventional cultivars experience larger decreases in NV than their hybrid counterparts on a perhectare basis when moving away from the optimal HMC that maximizes NV. Although conventional cultivars typically have higher HRY potential than hybrids, their potential on both sides of the optimal HMC diminishes quickly. Therefore, if producers could harvest all of their rice at the optimal HMC, then cultivars like CL152 and CL111 would maximize NV Mg -1 . However, hybrids have a distinct yield advantage in paddy over conventionals, and they generate a higher NV on a per-hectare basis.
Given the economies of scale in rice production and the large rice farms that exist as a result, many producers start harvesting above the optimal HMC and finish below the optimal HMC because of equipment and labor constraints. Because of this problem, the producer needs to identify the optimal HMC for commencing harvest that will maximize NV. In this study, we find that the economic penalties associated with harvesting hybrids that are not at their optimal HMC are less than harvesting conventionals that are not at their optimal HMC on a per-hectare basis. Our analysis suggests that as the ratio of acreage to harvesting capacity increases, hybrids offer a distinct advantage over conventionals. We find that hybrids still have a greater NV than all of the conventional varieties in our study that are harvested at their optimum HMC, even when those hybrids are harvested at ±5% off of their optimum HMC. Subsequently, the hybrids have a greater NV because they have the advantage of a large paddy yield.
This study finds that varietal selection plays a larger role in determining profitability than the selection of a HMC. However, once a variety has been sown by a producer, the selection of a HMC has an effect on the overall profitability. Finally, HRY and MRY for all cultivars in the study are negatively affected by exposure over the 22°C threshold at night. Furthermore, we find that only considering optimal HRY can be misleading unless a producer can harvest their entire field at the corresponding HMC. In summary, it is evident that producers should consider three factors when deciding on harvest time: paddy yield (quantity), HMC to maximize HRY (quality), and the rate at which that quality diminishes as rice moves away from the HMC level. 
APPENDIX A
